In violent crimes, adhesive tapes such as duct tape are often used by perpetrators, for example to tie up a victim. In the forensic examination of such tapes many different types of traces can be found, such as finger marks and human biological traces. These traces are first interpreted at source level. However, even when it is certain that a trace was donated by the suspect this does not necessarily mean that he donated the trace while taping the victim, as he could have, for example, used the tape roll from which the pieces came previous to the crime. Therefore, the trace can also be interpreted at activity level. For this, factors such as transfer, persistence and recovery, as well as the position of the trace as it would have been on the original roll have to be taken into consideration. In this study, we have developed a Bayesian network which can aid the forensic practitioner in his interpretation. From a sensitivity analysis, we have concluded that it would be most desirable to set up further studies to determine the most likely positions of DNA on tape rolls if there has only been innocent contact.
Introduction
Perpetrators often use adhesive tape when committing violent crimes such as homicides, robberies, sexual assaults and terrorist attacks. Duct tapes are, for example, used to tie up a victim or to bind together parts of an improvised explosive device. Due to its adhesive qualities, many different types of traces can be found on tape pieces, like human biological traces, finger marks or fibres from garments. These traces can be analysed by forensic practitioners and, subsequently, compared to suspected sources. For example, a DNA profile obtained from a crime stain can be compared to the DNA profile obtained from a suspect.
However, even when it is absolutely certain that the suspect was the donor of the trace, this does not automatically mean that he 1 donated the trace while taping the victim or object 2 . It could, for example, be that he had contact with the tape roll previous to the crime. Source attribution alone cannot be used to resolve these issues. One level higher in the hierarchy of propositions ( [Cook et al., 1998 ]) would be to interpret the evidence at activity level. Here, forensic practitioners want to determine how likely it is to see the evidence (under the case specific conditions) if it came there when the suspect taped the object compared to when an unknown person taped the object (i.e. when the suspect only used the tape for innocent purposes).
The factors which are used for the interpretation at activity level of traces found on adhesive tapes (namely transfer, persistence, recovery 3 and the position of the trace as it would have been on the original tape roll) can subjectively be combined in a collaborative manner by forensic practitioners from multiple disciplines to come to a conclusion at activity level. However, a more transparent and uniform approach making use of Bayesian networks may be preferable ( [Taroni et al., 2006] ). A Bayesian network is a mathematical tool in which all the relevant variables used in interpretation and the dependencies between these variables can be charted. Here, variables are represented by nodes, and the dependencies between the variables are represented by directed edges. Each node has a certain number of states. Conditional probability tables have to be provided for each node given its parent nodes 4 .
In order to perform calculations in a Bayesian network, all of the subjective probability assignments which forensic practitioners might use subconsciously in their interpretation have to be made explicit. Now, the variables which most influence their conclusions can 1 Throughout this article, male pronouns are used to refer to individuals to provide for a more fluent reading.
2 The word victim may imply that a crime was committed. As only interpretation at activity level is considered (and not interpretation at crime level), the use of the word "victim" is avoided. Instead, throughout the remainder of this article, the word "object" is used to refer to any taped object, such as an improvised explosive device or a person/victim.
3 For a more thorough discussion on the role of transfer, persistence and recovery for the interpretation at activity level in cases involving minimal quantities of DNA, see [Evett et al., 2002] .
4 A node A is called a parent node of node B if there is a directed edge from node A to node B.
1 be determined by performing sensitivity analyses. Further studies can then be set up to collect data to support the probabilities used in these nodes. In this article, a Bayesian network is presented which can assist the forensic practitioner in the interpretation of a single human biological trace. Many of the terms that are used can be found in [Rudin and Inman, 2001] . However, upfront some important terms will be explicitly stated.
1. A human biological trace (or trace for short) is human DNA that is present on a specific location on a secured 5 piece of evidence (such as a tape piece).
2. A sample consists of DNA that was recovered from a trace by forensic examiners using a collection technique such as swabbing. The obtained sample can subsequently be subjected to DNA analysis.
3. The sampling location (or sampling area) is the surface area of an item of evidence where sampling takes place.
In this article, only the presence or absence of DNA is evaluated, and not whether a specific type of cellular material is present on the tape. Hence, interpretation takes place at sub-source level ( [Evett et al., 2002] ). From sub-source level, the step to activity level is made directly. When cell type may be of importance (for example when dealing with a possible bite mark), a formal step from sub-source level to source level interpretation has to be made. This is, however, outside the scope of this article.
The following set of activity level propositions is used throughout this article:
The suspect taped the object. H d : An unknown person taped the object.
The Bayesian network
The developed network for the interpretation at activity level of a single human biological trace that was found on adhesive tape is presented in Figure 1 . The factors that have to be taken into consideration by forensic practitioners when they interpret the results of their analyses at activity level can be divided in three groups; the process by which the trace is formed (Sections 2.1, 2.2 and 2.3), the origin of the DNA (Sections 2.4 and 2.5), and the manner of deposition (Section 2.6). Per factor, the ways in which the factor can be modelled in a Bayesian network are outlined and it is discussed which way of modelling has our preference. Nodes are indicated by capitals and states by italics. 
Transfer
With transfer, the transfer of DNA from a certain person to a certain area on the tape pieces (which will later turn out to be the sampling location) is meant. Transfer depends on a number of factors, including (but not limited to) the duration, intensity and frequency of contact. Three different kinds of transfer scenarios are distinguished: (1) transfer from the perpetrator 6 to the sampling location while taping the object, (2) background transfer from the suspect to the sampling location, and (3) background transfer from unknown(s) to the sampling location. Here, it is assumed that there is only a single perpetrator. As these three types of transfer are not mutually exclusive, a mixture of DNA can be formed. DNA has transferred to the sampling location as background if it came there due to some innocent reason (i.e. if the DNA was not transferred from the perpetrator to the sampling location while taping the object). For instance, one can think of background material of a person being present because that person touched the tape at some moment before or after the crime, or because material was retransferred from an object previously touched by that person to the tape before, during or after the crime (i.e. secondary transfer).
In the network (Figure 1 ), the probabilities of transfer under the three above-mentioned scenarios have to be estimated by a forensic practitioner 7 based on the case circumstances 8 . As there is a large number of variables that needs to be taken into consideration when determining the probabilities for these three scenarios, it was opted not to model all the variables in the network, especially since the probabilities are mostly determined subjectively. It would become challenging to objectively determine the necessary probability tables. Therefore, a transfer node was created for each of the three scenarios, which has states Yes and No. The probabilities that have been subjectively estimated by a forensic practitioner can then be entered into the probability tables of these nodes. Depending on the needs of the case, experiments could be set up to obtain (more) data to support these probabilities (see also [Champod, 2013] ).
For the first scenario, the forensic practitioner needs to estimate the probability that DNA of the perpetrator transferred to the sampling location when taping the object. In order to do this, the type of sampling location has to be taken into consideration (e.g. bite mark or tape end). Specific case circumstances also have to be taken into account. For example, in case a person was taped, he might state that the perpetrator wore gloves while taping (which suggests a lower probability of transfer).
For the second scenario, the forensic practitioner needs to estimate the probability that background DNA of the suspect transferred to the sampling location. Background transfer of DNA of the suspect to the tape pieces in general depends on his relation to the tape roll. For example, if the roll under consideration was found at his house and the suspect states that he used that roll regularly, then background transfer is likely. Here, the probability 7 In order to work with the proposed network, prior probabilities have to be estimated. The forensic practitioner is sometimes more in a position to do so than the trier of fact (i.e. the judges and/or jury), for example when estimating the probabilities of transfer ( [Champod, 2013] ), persistence, recovery and the efficiency of the DNA analysis. However, when one has to estimate whether a suspect's statement is true, this would preferably be done in consultation with the trier of fact, as this is outside the field of expertise of the forensic practitioner. As the trier of fact can only provide feedback during the actual hearing of a case, it would be impossible for the forensic practitioner to take his assessment into consideration when performing calculations in the network. Therefore, one could instead first assume that the suspect's story is true, and then that his story is false. The effect of this on the likelihood ratio at activity level can then be determined and reported. Another solution would be to calculate and report a list of likelihood ratios for a number of different probability values. In consultation with the trier of fact, a number can then be selected from this list.
8 The amount of DNA in the trace should not be taken into consideration when estimating the probabilities of transfer, persistence, recovery and the efficiency of the DNA analysis in the network. [Evett et al., 2002] discussed the issues which can arise when one wants to take into account the amount of DNA. A possible solution to these issues was also presented in their article.
that the suspect's statement is true has to be taken into account. Also, retransfer of DNA from another object to the sampling location has to be taken into consideration.
As the forensic practitioner wants to estimate the probability of background transfer to a specific sampling area, he needs to scale the total probability of background transfer to the tape accordingly. Here, the size of the sampling area compared to the whole secured tape has to be taken into consideration, as well as the proportion of the tape to which the suspect likely transferred DNA. The location of the sampling area on the pieces itself should not be taken into account, but only the relative size of the sampling area. From Section 2.3 and onwards, two different parts will be studied, namely a part in which the composition of the sample is considered (Sections 2.4 and 2.5), and a part in which the manner of deposition is considered (Section 2.6). The position of the sampling area on the original roll is only taken into account in the latter part.
For the third scenario, the forensic practitioner needs to estimate the probability that background DNA of unknown(s) transferred to the sampling location. Here, an unknown person can be any person other than the suspect who had direct or indirect contact with the tape, where the forensic practitioner should not take into account people whose reference DNA profiles are known (such as the person that was taped and forensic examiners) and who can thus later be excluded from a DNA profile. Transfer mostly depends on the number of people who could have had contact with the tape, which can be estimated from case circumstances. Data on background transfer may be collected from case files [McKenna, 2013] . Retransfer scenarios should be taken into account, as DNA could have been present on the taped object before the crime, or DNA could have been retransferred from the hands/gloves of the perpetrator to the tape. Just as in the second scenario, the size of the sampling area has to be taken into consideration, as the forensic practitioner wants to determine the probability of transfer to the specific sampling area. The actual position of this area on the original roll of this area should, again, not be used.
In all scenarios, retransfer of DNA from one location on the tape pieces to another should not be taken into consideration (see the discussion, Section 3).
Persistence
After DNA has been transferred, it will need to persist will forensic examiners be able to find and recover it from the sampling location. Here, two factors have to be taken into consideration: (1) the degradation of DNA due to environmental conditions, and (2) the retransfer of DNA from the sampling location to another object.
When cellular material is exposed to the environment, DNA present in this material will degrade over time. The rate of decay depends on the specific environmental conditions in which the material resided. DNA will degrade faster in a warm, humid environment and in the presence of UV light than in a cold, dry environment in the absence of UV light ( [Rudin and Inman, 2001] ). Whether DNA is still present in a trace on a secured tape piece thus (mostly) depends on the surroundings of the tape. Consideration has to be given to the fact that DNA will not degrade as fast if it is covered by another item, but not to the fact that background DNA could originally have been present at a deeper layer of the roll, and thus covered by other layers of tape on the roll. This is taken into account in the manner of deposition node (see Section 2.6).
Retransfer of DNA to another object (i.e. the loss of DNA) can occur at any time from when the DNA was deposited up to the moment that the evidence is secured. If an object comes into contact with the tape, DNA can transfer from the tape to that object and, thus, not be present on the tape during forensic examination. An example of this is displacement and retransfer of DNA within forensic packaging [Goray et al., 2012] . As stated in Section 2.1, retransfer from one location on the tape pieces to another should not be taken into consideration (see the discussion, Section 3).
In order to use the network (Figure 1 ), the forensic practitioner again has to estimate probabilities for three different scenarios: (1) the persistence of DNA of the perpetrator (that was transferred when taping the object), (2) the persistence of background DNA of the suspect, and (3) the persistence of background DNA of unknown(s). Here, the forensic practitioner only estimates the probability of persistence given that DNA has transferred; when no DNA was transferred, there will be no persistence. Important factors to take into consideration are the time span since transfer for the three scenarios, and the extent to which the item has been handled during that time. If the suspect claims that he had background contact with the roll six months ago and the perpetrator taped the object three days ago, one would expect that if DNA transferred in both scenarios it would persist more likely in the latter, as there would be less chance of degradation and/or retransfer.
Composition of the trace and manner of deposition
The three persistence nodes are connected to the composition of the trace and manner of deposition node (Figure 1 ). This node is also called the summary node, as it summarizes whose DNA is present at the sampling location and how that DNA transferred to the sampling location. propositions (which contains the propositions under consideration at activity level) is also connected to summary. This node states who the perpetrator is (the suspect or an unknown person), which is important for the persistence perpetrator node.
summary has 12 mutually exclusive and exhaustive states. These states are displayed in Table 1 .
Recovery
To be able to perform DNA analysis, forensic examiners first need to recover the DNA that is present at the sampling location. For the collection of DNA, several methods exist, such as tape lifting ( [Verdon et al., 2014] ) and swabbing. As these methods are not 100% successful, there exists uncertainty whether sampling will succeed. In this article, there propositions is no focus on contamination during recovery (or DNA analysis). For this, the reader is referred to the supplementary material.
In the network (Figure 1 ), the composition of the sample node is dependent on the recovery and summary nodes. composition of the sample has four states:
1. DNA of suspect in sample 2. DNA of unknown(s) in sample 3. DNA of suspect and unknown(s) in sample 4. No DNA present in sample When recovery is in No, then there is no DNA present in the sample (independent of the state of the summary node). The state of summary only matters when DNA was recovered. The network currently only focuses on the "who" component of summary and not at "how" the DNA was originally deposited (i.e. as background, by the perpetrator when he was taping the object, or both). The latter is taken into consideration in manner of deposition (see Section 2.6).
When recovery was successful, but no actual DNA was present in the trace, then composition of the sample is in No DNA present in sample. The meaning of this is that the recovery method would have been effective if DNA was been present, but since no DNA is present there will be no DNA in the sample.
recovery is not meant to be instantiated; if in the end no DNA profile was obtained from the sample, this will allow the forensic practitioner to reason that either no DNA was present at the sampling location or that the recovery method must have been unsuccessful. If, for example, the forensic practitioner expects that in 80% of the cases forensic examiners will be able to collect DNA if it is present at the sampling location, then the prior probability of recovery can be set to 0.8. This probability can be changed on a case by case basis, where the forensic practitioner could take into account the efficiency of the specific collection technique that was used and the effectiveness of (specific) examiners.
DNA analysis
For interpretation at activity level, it is pragmatic to assume a known source. However, with the Bayesian network it is possible to take the likelihood ratio at (sub-)source level into account. When a forensic practitioner is presented with a single source DNA profile (i.e. a profile only containing alleles from one source), he generally addresses the following propositions at sub-source level:
The suspect is the source of the DNA. For mixed DNA profiles from which the suspect cannot be excluded, the following propositions at sub-source level are addressed:
.., U n−1 and suspect X are the source of the DNA.
.., U n are the source of the DNA.
If the obtained evidence (i.e. the DNA profile) is denoted by E, then the forensic practitioner would have to determine P (E | H p ) and P (E | H d ), i.e. the probabilities of observing the profile when the suspect was a contributor and when he was not a contributor. These probabilities are usually calculated by using one of the many software tools available for mixture calculations ( [Balding, 2013 , Graversen, 2013 , Haned et al., 2012 , Perlin et al., 2011 , Puch-Solis and Clayton, 2014 , Taylor et al., 2013 ).
In the network (Figure 1) , the dna profile node is dependent on the composition of the sample and dna analysis successful? nodes. dna profile has the following states:
1. Suspect
Unknown(s)
Otherwise, dna profile is in the same state as the composition of the sample node. A prior probability for dna analysis successful? has to be estimated by the forensic practitioner in each case, which could, for example, be based on the efficiency of the specific analysis equipment that was used.
Furthermore, the uncertainty source attribution node is dependent on the dna profile node. This node can be used to enter the obtained likelihood ratio at source level. uncertainty source attribution has states Match and No match 9 . In tables 2 and 3, the conditional probability tables for uncertainty source attribution when a single source profile and a mixed profile DNA were obtained can be found. Here, P (E | H p ) and P (E | H d ) are as described above. 
2.6 The position of the sampling location on the original roll
For interpretation at activity level, the position of the sampling location on the original roll can be used. After estimating the circumference of the roll and determining the order 9 To perform calculations in the network when using software packages such as AgenaRisk [AgenaRisk, 2014] and HUGIN [HUGIN EXPERT, 2014] , uncertainty source attribution has to be fixed in state Match. In this manner, the dna profile node will be in state Suspect (or Suspect and unknown(s), for a mixture) respectively Unknown(s) relative to the probabilities that were inserted for P (E | Hp) and P (E | H d ). As prior probabilities were inserted in the transfer, persistence, recovery and uncertainty source attribution nodes, the DNA profile node will already have a prior distribution. These probabilities may also have an influence on the specific probabilities with which DNA profile is in its different states. 
in which the tape pieces most likely came from the roll (Sections 2.6.1 and 2.6.2), it can be determined how likely it is that the sampling location originally would have been on the outside layer of the roll or at a deeper layer (Section 2.6.3). When someone previously only used the roll for innocent reasons, one would expect that DNA is left behind mostly on the outside of the roll (i.e. the non-adhesive backing of the outer layer of the roll). For example, the suspect can state that his DNA could indeed be present on the tape, but that it was originally left behind when he used the tape in household chores (and that someone else used his roll to tape the object). If a DNA profile matching the DNA profile of the suspect is then obtained from a sampling location which would originally have been a couple of layers deep into the roll, then it is unlikely that his DNA would have ended up there according to his statement. It is more likely that it ended up there as stated by the prosecutor.
Using physical end matching to determine the order in which the tape pieces came from the roll
To be able to determine the position of the sampling location on the original roll, forensic practitioners will first have to determine the order in which the tape pieces came from the roll. This is done by a process called physical end matching ( [Bradley et al., 2006] , [McCabe et al., 2013] ). First, the colour and thickness of both the adhesive layer and backing layer of the different tape pieces are compared. Markings and striations can also be examined and compared for the different pieces. After this, the tape ends of the different tape pieces are compared morphologically to determine whether and how the pieces fit each other complementary. After comparison, the examiner (also called physical end matcher) gives a conclusion on his findings, such as "It is extremely more probable to see these characteristics when the tape pieces originally formed a whole in this specific order than when they formed a whole in a different order or did not connect." In the network, the very small probability of a false negative/false positive 10 is neglected.
It is assumed that all the found tape pieces can be reassembled in one group and not multiple groups, though extensions to the network can easily be made to deal with multiple groups (see the supplementary material).
Determining the position of the sampling location on the original roll
After determining the order in which the tape pieces came from the roll, physical end matchers try to determine the position of the tape roll from which the pieces came respective to this order. When a tape roll is available (for example, if it was found at the suspect's house or at the crime scene), physical end matchers can try to match the tape end of that roll to one of the ends of the determined order. If this succeeds they can proceed with a known roll position.
Even in situations where there is no roll available or where it is not possible to connect the obtained pieces to an available roll because pieces are missing, it might still be possible to determine the roll position. When the tape has a fabric layer made of yarn, it is often possible to determine the position of the roll based on the position of the warp yarns (yarns in the direction of the length of the tape) respective to the fill yarns (yarns in the direction of the width of the tape).
As can be seen in Figure 2 , the distance from the sampling location to the roll end is determined by reassembling the tape pieces in the determined order and by measuring the distance from one end of the order to the sampling area. Depending on whether the roll was positioned on the left end or on the right end of the determined order, different distances from the sampling location to the roll end will be obtained. Therefore, different conclusions may also be drawn.
In the network (Figure 1 ), the total length of the pieces and the distance from the sampling location to the left end of the determined order can be inserted in the nodes total length of the pieces and distance from sampling location to left end. These nodes allow for an input on a continuous interval. Here, what is left and what is right is arbitrary: what matters is that one is consistent in using these terms. When a physical match was found between one of the tape ends of the determined order and the roll end, the node roll position can be set to state Left or Right, depending on where the roll connects to the pieces. When the roll does not match to one of the ends or when no roll is available, the probability table of roll position can be altered depending on how certain the forensic practitioner is that the roll was originally connected to either side.
When the position of the roll respective to the tape pieces is uncertain, two distances are calculated, each with their own probability. When roll position is in Left, then activity level corresponding to this order 999 times and the likelihood ratio at activity level corresponding to the situation where he does not have an order one time. When an order cannot be determined, then the likelihood ratio at activity level can be determined by only considering the tape piece on which the trace was found, i.e. disregard the other pieces and calculate the likelihood ratio by using the distance from the trace to the end of the piece on which the sampling location was positioned, and the total length of that piece. distance from sampling location to left end is equal to total length of the pieces minus distance from sampling location to roll end. When roll position is in Right, then distance from sampling location to left end is equal to distance from sampling location to roll end. Hence, distance from sampling location to roll end can easily be determined from the states of the other nodes.
To determine from the distance from the sampling location to the roll end whether the sampling location would have been present on the outside of the original roll (i.e. the backing of the outside layer of the roll) or at a deeper layer of the roll, the circumference of the original roll is needed. This is calculated by multiplying the diameter of the roll (as it was before the activity) by π. The diameter of the original tape roll can be deduced from the diameter of the found roll by adding to this diameter the number of layers used to tie up the object times the thickness of each layer. Here, it is assumed that the obtained tape pieces can be physically matched to the roll. When no roll is available, the forensic practitioner could opt to use the largest possible diameter of commercially sold tape rolls (which is 16 cm). This is to give the suspect the benefit of the doubt, as in this case the distance from the sampling location to the roll end will need to be larger for this sampling location to end up at a deeper layer of the roll. However, this might be too conservative in most cases. When no roll was found at the crime scene or at the suspect's house, it is still possible to deduce the most likely diameter of the roll by visually and chemically comparing the found pieces to rolls of known types and brands. When multiple diameters are possible, an average can be taken, or the LR at activity level can be calculated and reported for each diameter separately.
Deducing from the position of the sampling location on the original roll
whether DNA present at this location ended up there as background and/or by the perpetrator when taping the object
In Sections 2.1 and 2.2, it was stated that the forensic practitioner should estimate the probabilities of transfer and persistence of DNA without taking into consideration the position of the sampling location on the original roll. With the position of the sampling location now known, the prior probabilities of transfer and persistence can be updated.
In the network (Figure 1 ), the manner of deposition node is dependent on the summary node. manner of deposition states how DNA that is present at the sampling location was originally deposited. It has the following states:
1. Background 2. By the perpetrator when taping the object 3. Background and by the perpetrator when taping the object
No DNA present
The state of this node is determined by the state of summary. manner of deposition is in turn connected to distance from sampling location to roll end. For the conditional probability table of distance from sampling location to roll end, it is necessary to know the most likely distances from the sampling location to the roll end given the different states of manner of deposition. For this, information is needed regarding where on the original roll one would be able to find DNA if it is known that it was deposited as background, by the perpetrator when he was taping the object, or both. Now, a number of different conditional probability distributions for the distance from sampling location to roll end node is presented. It has to be stressed that currently no data is available on transfer behaviour; it is unknown where DNA can end up on the roll. Hence, the proposed probability distributions are for illustration purposes only. However, it does seem logical to assume that the probability distributions which are based on data will be of a similar shape as the ones presented here.
2.6.3.1 Probability distribution regarding the position of the DNA containing sampling location if DNA came upon the roll when the perpetrator was taping the object When DNA of the perpetrator is present, it intuitively makes sense to assume that this DNA will be distributed uniformly to the roll (see the horizontal red line in Figure 3) . Although DNA will be transferred more often to tape ends and bite marks, this was already taken into consideration in the transfer nodes (see Section 2.1) and this should not be used again here to avoid using this observation twice. 2.6.3.2 Examples of probability distributions regarding the position of the DNA containing sampling location when the DNA came upon the roll as background
The probability distributions for the location of background DNA on the original roll which are presented here (mainly) depend on how this roll was previously used by the suspect and unknown(s). Here, for simplicity it is assumed that a tape roll was secured (for example from the crime scene or from the suspect's house) and that the tape pieces can be physically matched to this roll. For the moment, it is assumed that a single source DNA profile matching the DNA profile of the suspect is obtained. When establishing the suspect's relation to the roll, the statement he has given to the police can be taken into account. When the suspect states that he previously only touched the roll and has not used it, then forensic practitioners would (very likely) only find his DNA on the backing of the outside layer of the roll. However, when the suspect previously used the roll, then his DNA could end up at other locations. For example, his DNA could be present on the adhesive side of the roll end from when he tore off a piece at some moment before the incident. Also, as he could roll out a length of tape, touch the tape, but then decide to roll the tape back up again instead of tearing it, background DNA can be left behind at deeper layers of the roll (however, the probability that this occurred should be taken into account).
The suggested probability distributions are of the form as displayed in Figure 3 . For background DNA found on the backing of the tape at a distance smaller than π times the diameter (i.e. the circumference of the roll) a uniform probability distribution is assumed: if DNA is present as background, it is assumed that it can end up everywhere on the outside of the roll with the same probability. However, for distances greater than π times the diameter (i.e. at a deeper layer of the roll), it is assumed that the probability of finding DNA will decrease drastically as distance increases. One could then, for example, assume that the distribution follows a log-normal distribution, since log-normal distributions have this property. Other distribution functions (such as a step-wise decreasing function) could also be chosen for the same purposes. The crucial point here is that a probability distribution is assumed for which the probability of finding DNA decreases (drastically) as the distance from the sampling location to the roll end increases. Data needs to be gathered to determine how background DNA is distributed over the roll (see Section 2.7 and the discussion, Section 3).
If the suspect states that he previously only touched the outside of the roll, this suggests that the majority of the probability mass of the distribution should be underneath the uniform part of the probability distribution. However, if he previously used the roll, one could decide to move part of the mass towards the decreasing (log-normal) part of the distribution. For example, it can be assumed that 99% of the density lies underneath the uniform part and 1% under the log-normal part in the case that the suspect has only previously touched the roll, and that 95% lies underneath the uniform part and 5% under the log-normal part in the case that the suspect has used the roll before. Again, it is important to stress that these numbers are not based on data. For illustration purposes, the same numbers are used throughout the remainder of this article.
For the adhesive side of the tape, the distribution does not follow a uniform distribution for the first layer of tape. The distribution immediately follows a decreasing distribution, as the sampling location is always located at a "deeper layer" (the adhesive side is not readily accessible to someone touching the outside of the roll). Hence, the distribution is independent of the diameter of the roll (Figure 3) .
When using the network (Figure 1) , the practitioner first needs to "generate" the distribution fitting his specific case (based on the diameter of the roll, whether the sampling location was positioned on the backing or the adhesive side, and what the suspect's relation is to the roll). This distribution can then be used as a conditional probability table of distance from sampling location to roll end. This is further described in the supplementary material. In the network, nodes have been added so that the forensic practitioner can store distributions for common case circumstances. These nodes are backing or adhesive side?, roll diameter and distribution.
After the case specific distribution has been determined, the states of roll position, total length of the pieces, and distance from sampling location to left end can be entered. Software packages like AgenaRisk [AgenaRisk, 2014] and HUGIN [HUGIN EXPERT, 2014] can then assist in the calculation of the likelihood ratio at activity level.
There are a number of subtleties that were ignored when describing the suggested probability distributions. Firstly, only transfer of DNA to the roll was considered and not the persistence of DNA. DNA that was transferred to a deeper layer of the roll is protected from the environment by more superficial layers. The forensic practitioner would thus have to take into account that DNA on the outside layer of the roll will less likely persist than DNA that is deeper into the roll. This can be done by increasing the percentage of the density that lies underneath the decreasing (log-normal) parts of these distributions.
Secondly, it is assumed that the statement that the suspect has given to the police regarding his relation to the roll is true. As can be seen from the above distributions, when the suspect has previously used the roll this will lead to a less steep distribution, and therefore it would be beneficial for the suspect to state that he previously used the roll. Therefore, the prior probability that his statement is true should be taken into account when generating the distribution.
Thirdly, as there is uncertainty with source attribution, there is a probability that an unknown person left behind the background DNA instead of the suspect. When determining the probability distribution, the forensic practitioner would thus also have to take into account how an unknown person could have previously used the roll. However, as the likelihood ratio at source level is often extremely large (larger than one billion) this will only have marginal effect on the distributions described above. One could, therefore, choose to ignore this and only take the suspect's previous usage into account.
Lastly, it has been assumed that a tape roll was obtained and that the tape pieces can be physically matched to this roll. However, when no roll was found it will not be possible to determine the relation the suspect had to the roll that was used during the crime. When the relation of the suspect to the roll is uncertain, this has to be taken into consideration when generating the probability distribution for the location of background DNA on the original roll. One could, for example, make the distribution less steep to be more in favour of the suspect.
2.6.3.3 Probability distribution regarding the position of the DNA containing sampling location when the DNA came upon the roll as background and by the perpetrator when he was taping the object When DNA came upon the roll as background and by the perpetrator, the probability distribution for background transfer can be multiplied with the probability distribution for transfer of the perpetrator, as DNA would both had to transfer to a specific location on the tape pieces as background and by the perpetrator when he was taping the object. Thus, if it is assumed that background transfer and transfer by the perpetrator are independent, the combined probability distribution is the product of the individual distributions. Since the distributions are defined on discrete intervals (see the supplementary material), one can simply multiply the probabilities for each interval separately. However, as the probability distribution for the perpetrator is uniform, the result will be the same probability distribution as for background alone after normalizing the probability density function.
2.6.3.4 Probability distribution regarding the position of the sampling location when there is no DNA present Finally, a distribution should be decided upon regarding where to sample given that there is no actual DNA present on the roll. This is relevant, as there generally is a non-zero probability that the manner of deposition node is in state No DNA. This probability is equal to the probability that all three persistence nodes are in state No.
However, when it is known that no DNA is present, there is no reason to pick a specific sampling location. Therefore, a uniform distribution for the position of the sampling location given that there is no DNA present on the roll is assumed.
Sensitivity analyses
In this section, part of the results of sensitivity analyses that have been performed are presented to illustrate which variables have a substantial influence on the likelihood ratio at activity level. Due to the potential effect that the probability assignments of these nodes have on the outcome, it is necessary to further examine these values, for example by gathering experimental data to support them.
First of all, the results of sensitivity analyses performed on two of the transfer and persistence nodes are presented. The numbers behind one variable are varied while the other nodes are fixed in a predetermined set of values. The results of the sensitivity analyses are displayed in Figure 4 . As can be seen, the likelihood ratio (virtually) fluctuates within two orders of magnitude depending on the probabilities of transfer and persistence that are entered in the network. The likelihood ratio fluctuates similarly for the other transfer and persistence nodes. In order to obtain a better estimate of the likelihood ratio at activity level, case specific experiments could be set up (see also [Champod, 2013] ). probability of background transfer from the suspect probability of persistence of DNA of the perpetrator Figure 4 : Results of the sensitivity analyses for probability of background transfer suspect and probability of persistence of DNA of the perpetrator.
Secondly, the influence of the probability distribution for the position of background DNA on the original roll has been determined. As noted in Section 2.6, the example distributions are not based on data. The numbers 95% vs. 5% and 99% vs. 1% were chosen for illustration purposes. To demonstrate how the likelihood ratio can vary, it is calculated for different distributions (while keeping the other probability assessments in the network fixed in a predetermined set of values).
As can be seen in Table 4 , when the distribution is altered, the value of the likelihood ratio fluctuates within one order of magnitude. However, it is when the above factors are changed together that these numbers will change drastically. For example, if the probability of transfer of DNA of the perpetrator is set to 0.6, the probability of persistence of the perpetrator to 0.8, and if the probability distribution for the location of background DNA on the original roll is taken to be a 95% vs. 5% type distribution, then a likelihood ratio of 215 is obtained (where the other variables are fixed in a predetermined set of values). If the probability of transfer of DNA is changed from 0.6 to 0.99, the probability of persistence of the perpetrator from 0.8 to 0.99, and the distribution from 95% vs. 1% to 99% vs. 1%, then the likelihood ratio at activity level becomes over 25 000.
It is uncertain what the distribution for the position of background DNA actually looks like, thus it may very well be that when someone previously used the roll this distribution could be 99% vs. 1% instead of the 95% vs. 5% which was assumed for illustration purposes in Section 2.6. In our opinion, it would be most desirable to gather data for the probability distribution for the position of background DNA on the original roll. 3 Discussion and conclusion A Bayesian network which can assist forensic practitioners in the interpretation of human biological traces that can be found on adhesive tapes at activity level was presented. While the focus of this paper lies on human biological traces, similar networks have been developed for other types of transfer traces, such as finger marks. By combining these networks, networks are obtained for multiple traces. These networks are described in the supplementary material. The methodology described throughout this article can be used in casework. In a specific case, sensitivity analyses should be performed. The main reason for this is that the probability distributions for the position of background DNA on the original roll used in this paper are not based on data, and the likelihood ratio can fluctuate depending on the specific probability distribution that was chosen (see Section 2.7). Intuitively, it makes sense to assume that DNA will be found mostly on the outside layer of the roll if a person only used the roll for innocent purposes, but data has to be gathered to be able to assign more specific probabilities to certain locations. When gathering experimental data on where one would be able to find DNA on the original roll, one would also have to take into consideration retransfer of DNA from one location on the tape pieces to another. As mentioned throughout this article, not much is known about retransfer behaviour of DNA, and experiments should be set up to gather data on this. Intuitively, it makes sense to assume that retransfer from superficial locations to deeper layers will happen just as easily as vice versa. The forensic practitioner can assume that DNA present at the sampling was also originally deposited there if this is the case. The probability of retransfer from the side of the roll to the surface area of the tape (and subsequently to the sample) can be minimized by avoiding the side of the tape piece when sampling for DNA.
The network should not be used as a black box, but as a reasoning tool. For example, the forensic practitioner could use the network to establish which prior probabilities have the largest influence on his conclusion. It can, therefore, assist him in his interpretation and facilitate the discussion in the courtroom. 
